Chronic fluoxetine administration can increase neurogenesis in the adult hippocampus, but the molecular mechanisms remain unclear. The Notch1 signaling pathway is expressed highly in the hippocampus and could be a target for diverse environmental modulators of adult neurogenesis. This prompted us to investigate whether the effect of fluoxetine on hippocampal neurogenesis involves Notch1 signaling. In this study, the function of Notch1 signaling was investigated by real time polymerase chain reaction (PCR) and Western blot at different time points (14 d or 28 d) after fluoxetine administration. Simultaneously, hippocampal neurogenesis was determined by assessing cell proliferation, survival and differentiation. mRNA and protein expression of Notch1 signaling components (including Jag1, NICD, Hes1 and Hes5) in the hippocampus increased after fluoxetine administration, accompanied by cell proliferation and survival. These results indicate that chronic fluoxetine administration activates Notch1 signaling in the hippocampus, and the up-regulation of the Notch1 pathway brought about by chronic fluoxetine administration might partly contribute to increased neurogenesis in hippocampus. The findings may provide new insights into the regulatory mechanisms of neurogenesis induced by fluoxetine.
Fluoxetine (Flu), a selective serotonin reuptake inhibitors (SSRIs), is commonly prescribed for treatment of depression. There is increasing evidence demonstrating that hippocampal neurogenesis, in addition to monoamine alterations, might have important implications for the neurobiological basis underlying clinical efficacy of Flu treatment. Chronic Flu administration can increase neurogenesis in the dentate gyrus (DG) of normal adult rat hippocampus, 1, 2) and also reverse the suppressive effects of stress on adult hippocampal neurogenesis.
3) The antidepressant effects of Flu disappeared after hippocampal neurogenesis was blocked by irradiation in rat models. 4) Collectively, this evidence provides a strong basis for a neurogenic hypothesis of Flu action. It has been generally postulated that hippocampal neurogenesis might contribute greatly to antidepressant properties of SSRIs. The molecular pathways involved in hippocampal neurogenesis have been regarded as novel targets for antidepressant drugs.
The Notch signaling pathway is central to the development of nervous system, including maintenance of stem cell self renewal, proliferation, and specification of cell fate or differentiation. 5 ) Notch receptors (Notch1-4 in mammals) are transmembrane proteins activated by Delta and Jagged ligands. On activation, the intracellular domain of Notch (NICD) is cleaved by g-secretase and trans-located into the nucleus to activate primary effectors such as Hes1 and Hes5. 6) Notch1 signaling components continue to be expressed highly in the adult hippocampus, which is region with persistent neurogenesis after birth. 7) This suggests that Notch1 signaling might have an important role in adult brain neurogenesis. Breunig et al. 8) found that Notch1 overexpression in dentate gyrus promotes proliferation, indicating that the expression of activated Notch1 regulates the magnitude of neurogenesis from progenitor cells in adult brain. Notch1 could be a modulator of neurogenic responses in epilepsy. 9) Studies on Alzheimer's disease and Pick's disease demonstrated that with the onset of neurodegeneration in the adult brain, the Notch1 signaling pathway becomes activated as an attempt to compensate for neuronal loss and promote postmitotic neuronal growth. 10) Expression of Notch1-related molecules was found to change dynamically in postischemic neurogenic response.
11) These findings provide evidence for the role of Notch1 signaling in adult hippocampal neurogenesis, suggesting that Notch1 could be a target for diverse environmental modulators of adult neurogenesis, although the mechanism remains unknown.
These considerations prompted us to investigate whether chronic Flu administration increases neurogenesis along with changes in the expression of Notch1 signaling components in the hippocampus. To address this question, the present study was designed to investigate the expression of Notch1 signaling components NICD, Hes1, Hes5 and Jag1 at different time points (14 d or 28 d) after chronic Flu administration. Bromodeoxyuridine (BrdU) was used to label dividing cells in Sphase. The effects of Flu on the proliferation, survival and differentiation of newborn cells in the hippocampus of adult rats were observed by using two administration paradigms. The results of this study might improve our understanding of the molecular mechanisms of antidepressant drugs. light-dark cycle (lights on at 7:00 a.m. and off at 7:00 p.m.) under equivalent conditions of temperature (22°Ϯ2°C) and relative humidity (55 to 60%). Rats were injected intraperitoneally (i.p.) for 14 or 28 d with Flu (Sigma, U.S.A.) 5 mg/kg/d and dissolved in distilled water. Control animals were injected with an equivalent volume of saline. Rats were divided into three experimental groups: Controls (nϭ18), 14 d Flu (nϭ18) and 28 d Flu (nϭ18). Animals were sacrificed 24 h after the last antidepressant administration by decapitation. All experimental procedures were approved by the local ethics committee and carried out in strict accordance with the National Institutes of Health Guidelines for Care and Use of experimental animals.
MATERIALS AND METHODS

Animals and Drug Administration
In order to measure cell proliferation, BrdU was injected to the animals (3ϫ50 mg/kg i.p.; 8 h apart, Sigma, U.S.A.) after the last days of Flu administration and rats were killed 2 h after the last BrdU injection. To examine the influence of fluoxetine on cell survival and neural differentiation, BrdU was given to animals (3ϫ50 mg/kg; 8 h apart) before administration of Flu. Twenty-eight days after the last BrdU injection, rats were perfused, and brains were processed for immunohistochemistry.
Immunohistochemistry Six rats from each group were anesthetized by 400 mg/kg chloral hydrate and perfused intracranially with phosphate buffer (0.1 M, pH 7.3) at room temperature followed by chilled paraformaldehyde for about 20 min each (200 ml of each solution per animal). Brains were then removed from the skull and post-fixed for 24 h in the chilled paraformaldehyde. After that administration, the tissues were placed in a solution of phosphate buffer with 30% sucrose for cryoprotection. The brains were then stored in that solution at 4°C until slicing. Serial sections of the brains (30 mm thickness) were cut on a freezing microtome, and sections were stored in phosphate buffered saline (PBS). Free-floating sections were subjected to deoxyribonucleic acid denaturation by incubation for 2 h in 50% formamide/ 2ϫstandard saline citrate (SSC) at 65°C, followed by a 2ϫSSC rinse. Sections were then incubated for 30 min in 2 N HCl, PBS, and then 10 min in 0.1 mol/l boric acid, pH 8.5. Sections were incubated for 30 min in 3% hydrogen peroxide to eliminate endogenous peroxidases. After washing in PBS twice, they were incubated with blocking buffer (3% normal horse serums in 0.3% Triton X-100, PBS) for 30 min. Then, sections were incubated with mouse-anti BrdU (1 : 100; Chemicon, U.S.A.) with blocking buffer overnight at 4°C. Sections were then incubated for 1 h with secondary antibody (biotinylated horse anti-mouse; Vector, Italy), followed by amplification with an avidin-biotin complex, and cells were visualized with 3,3Ј-diaminobenzidine (DAB) (Vector, Italy). For the phenotype of progenitor cells, double immunofluorescence was conducted to detect the colocalization of BrdU with glial fibrillary acidic protein (GFAP) or NeuN. Serial sections were incubated with 2 M HCl for 30 min at 37°C. After washing, sections were incubated in blocking solution, then incubated with mouse anti-BrdU antibody (1 : 150, Chemicon, U.S.A.) either with rabbit anti-NeuN (1 : 50, Chemicon, U.S.A.) or with rabbit anti-GFAP (1 : 100, Neomarker, U.S.A.) overnight at 4°C. After washing, sections were incubated for 1 h with TRITC-conjugated goat anti mouse immunoglobulin G (lgG) (1 : 100, Vector, Italy) and fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit lgG (1 : 100, Vector, Italy).
Image Acquisition and Data Analysis The numbers of BrdU-labelled cells revealed by DAB histochemistry were quantified with a bright-field microscope at 50ϫmagnifica-tion, by an immunofluorescence investigator blind to administration history, on 6 coronal sections of 30 mm thickness spaced 180 mm apart within the hippocampus (bregma Ϫ2.12 mm to bregma Ϫ6.30 mm). The total number of labelled cells was estimated by multiplying the number of cells counted in every 6th section by six. All measurements were carried out in both left and right hemispheres. The numbers of BrdU/NeuN and BrdU/GFAP double-labelled cells was quantified using a Zeiss LSM510 laser scanning microscope (Carl Zeiss, German) equipped with a 40ϫ objective at excitation/emission wavelengths of 535 nm/565 nm (rhodamine, red), 470 nm/505 nm (FITC, green).The BrdU-positive cells were first randomly selected in DG and analyzed in their entire z-axis with a 0.5 mm step to exclude false double-labeling. A minimum of 50 BrdU-labelled cells were analyzed from each rat, and numbers of double-labelled cells were expressed as percentages of the total number of BrdU-labelled cells.
Real-Time Quantitative Polymerase Chain Reaction (Real Time PCR) Rats were sacrificed 20 h after final injection by decapitation. Hippocampus was dissected on ice immediately following decapitation. Immediately after dissection, brain specimens were rapidly frozen in liquid nitrogen and stored at Ϫ80°C until further analyses. Total RNA was extracted from hippocampus tissues from 6 rats from each group with TRIzol (Invitrogen, U.S.A.). A total of 5 mg RNA was used as template to make first strand cDNA by random priming using the Promega RT system. Primer sequences were designed using Primer Premier 5.0 (Table 1) . One milliliter template was mixed into Master Mix (including 10ϫSYBR Green PCR buffer, 25 mM MgCl 2 , 2.5 mM dNTP, 10000ϫsybergreen, Taq DNA polymerase) with 20 mM each of primer. The reaction mixture was brought up to a final volume of 25 ml with RNase-free deiodenized water. The amplification protocols was performed for 38 or 40 cycles of 94°C for 15 s, 58°C for 20 s, 72°C for 20 s, and 83.5°C for 15 s for Notch1, b-actin (as the internal control) and Jag1, and 40 cycles of 95°C for 15 s, 59°C for 20 s, 72°C for 20 s and 84°C for 15 s for Hes1 and Hes5. Realtime RT-PCR was performed by monitoring the increase in fluorescence of the SYBR Green dye using Rotor-Gene 3000 Real-time PCR apparatus (Corbett Research, Australia) ac- Table 1 . Gene Transcript Targets, Primer Sequence and GenBank Accession Number of Sequences Used for Assay Design
Gene
Primer Sequence (5Ј-3Ј) Gene bank account b-Actin F: 5Ј-CCTCTATGCCAACACAGTGC-3Ј NM 031144 R: 5Ј-GTACTCCTGCTTGCTGATCC-3Ј NICD F: 5Ј-ACGCTGCTGTTGTGCTCCT-3Ј XM 342392 R: 5Ј-GGCAATCGGTCCATGTGAT-3Ј Jagged1 F: 5Ј-GCTTGGGTCTGTTGCTTGGT-3Ј NM 019147 R: 5Ј-TGTTGGTGGTGTTGTCCTCA-3Ј Hes1 F: 5Ј-CATTGGCTGAAAGTTACTGTGG-3Ј NM 024360 R: 5Ј-TTGAGGGTTTATTATGTCTTAGGG-3Ј Hes5 F: 5Ј-GTGGCGGTGGAGATGCT-3Ј NM 024383 R: 5Ј-CGAAGGCTTTGCTGTGCT-3Ј cording to the manufacturer's instructions. All measurements were done in triplicate.
The relative analysis method was described by Pfaffl, 12) and performed using ABI 7000 Prism software. The Ct value, the point during cycling at which amplification is first detected above baseline, is associated with an exponential growth of PCR product. Western Blot Analysis For separation of total protein, frozen specimens were homogenized in 10 mM Tris buffer pH 7.4 containing 250 mM sucrose, 5 mM EDTA, 0.5% NP40, and TM protease inhibitor cocktail. Following centrifugation (16000 g, 10 min), the supernatant (80 or 100 mg total protein, according to calibration) was diluted 1 : 1 in electrophoresis sample buffer containing 20% (v/v) glycerol, 4% (w/v) SDS, 250 mM Tris-CHCl, pH 6.8, 10% (v/v) 2-mercaptoethanol, and 0.5 mg/ml bromophenol blue. The protein sample was separated on 7.5% SDS acrylamide gel and transferred to a nitrocellulose membrane. Quality of transfer was assayed by Ponceau staining. Following blocking (T-TBS containing 2% BSA) of nonspecific binding sites, membranes were incubated at 4°C overnight with primary antibody (rabbit anti-NICD, Hes1, Hes5, Jag1 and bactin antibody, 1 : 1000, Santa Cruz). After washing, blots were incubated for 1 h at room temperature with secondary antibody (anti-rabbit IgG conjugated to horseradish peroxidase, HRP, 1 : 5000, Santa Cruz, U.S.A.) in T-TBS. The blots were then developed with ECL reagent (Amersham, U.K.) and exposed to XLS Kodak film for 20-30 s. Protein expression was analyzed three times for each sample. The immunoblots were digitized and quantified using a Leica DFC 320 image analysis system (Leica, Cambridge, U.K.). All data were expressed as ratios to b-actin protein.
Statistical Analysis All data were analyzed using univariate random design analysis of variance (one-way ANOVA) and post-hoc Bonferroni test for multiple comparisons. The software used was SPSS 12.0.1 (SPSS Inc. 1989; Apache Software Foundation, Chicago, IL, U.S.A.). (Fig. 1 ). These results demonstrate that chronic Flu increases the number of BrdU positive cells in the adult DG and that the increase in labelling can be attributed to an increase in cell proliferation.
RESULTS
Fluoxetine Up-Rgulates Cell Proliferation and Survival in Dentate Gyrus
To examine the influence of Flu administration on cell sur- (Fig. 2) 14) This indicates that Flu might increase the rate of survival of BrdU-positive cells in the hippocampus (Fig. 3) . Figure 4 illustrated Flu, rats showed significant increase in the mRNA expression of NICD (pϽ0.001), Hes1 (pϽ0.001), Hes5 (pϽ0.001) and Jag1 (pϽ0.001) compared with control group. With the duration of Flu administration increasing, the mRNA expression of Notch1 signaling components was promoted continually. These data suggests chronic Flu increases the mRNA expression of Notch1 signaling components in the adult hippocampus and that the increase in mRNA expression can be attributed to an increase in Notch1 pathway function. Figure 5 illustrated the effects of chronic Flu on NICD, Jag1, Hes1 and Hes5 protein expression in hippocampus by Western blotting. The extent of protein expression were represented by integrated optical density (IOD) normalized to bactin. Flu for 14 d resulted in NICD [F(2, 15) . These data suggest chronic Flu increases the protein expression of Notch1 signaling components in the adult hippocampus and that the increase in protein can be attributed to a increase in Notch1 pathway function.
Fluoxetine Increases Notch1 Signaling Expression in Hippocampus
DISCUSSION
In this study, we investigated the mRNA and protein of Notch1 signaling components in hippocampus after chronic Flu administration (14 or 28 d). The main finding was that chronic Flu administration increased Notch1 signaling expression in parallel with neurogenesis up-regulation in hippocampus. These results indicate that Flu promotes the function of Notch1 signaling and Notch1 pathway might be involved in hippocampal neurogenesis of chronic Flu administration.
Regulation of neurogenesis could occur at several different stages, including cell proliferation, differentiation and survival. In the current study, the dose and time of Flu administration were consistent with the therapeutic treatment regimen.
3) We demonstrate that 2 h after BrdU administration, chronic Flu significantly increased the number of BrdU-labelled cells compared with the saline control group. This indicates that chronic Flu administration increases cell proliferation. To examine the effect of Flu on survival of labelled cells, BrdU was administered before the start of antidepressant administration, and the number of labelled cells was determined 4 weeks later. Under these conditions, the survival of the BrdU-labelled cells can be determined independent of the influence of chronic Flu on cell proliferation. In this experiment, the number of BrdU-labelled cells in the drug group was increased relative to control group, indicating that Flu can promote cell survival. These data agree with other studies showing the higher levels of neurogenesis brought by chronic Flu in the DG in an animal model. 15) The differentiation of labelled cells was determined by colocalization of glia or neuron phenotypic markers in BrdU-labelled cells. At this time point, there is a significant increase in the number of BrdU-labelled cells relative to controls. This increase is a result of the upregulation of cell proliferation by Flu. A smaller number (17%) of the surviving BrdU-positive cells express a glial marker (GFAP) and have physical characteristics of healthy, viable glia. The ratio of labelled glia in the DG is similar to that reported in previous studies, 13) and was not significantly influenced by Flu. These results are consistent with the notion that Flu increase proliferation and survival, but not the phenotype, of newborn cells. 16) Once the cells are induced to proliferate by Flu, their differentiation rates are identical to animals administrated with vehicle. Encinas et al. 17) demonstrate that Flu increases the rate of symmetric divisions of neural stem cells and that this increase is manifested later as an increase in the number of new neurons in the DG. Furthermore, they suggest that neural stem cells are the sole target of fluoxetine among the neurogenic cells in the adult nervous system and the eventual increase in new neurons arise as a consequence of this initial event. This explains why Flu influences cell proliferation, but not phenotype, of newborn cells.
Notch1 signaling is enriched in the subgranular zone of the adult hippocampus, which is highly sensitive to stress and administration with antidepressants.
6) Multiple components of Notch1 signaling, including Hes1, Hes5, and Jag1, are also expressed in this region. We have shown for the first time that the expression of Notch1 signaling is increased after chronic Flu administration in the hippocampus in the rat. Chronic Flu resulted in the mRNA increase of all Notch1 signaling components (NICD, Hes1, Hes5 and Jag1), suggesting an increase in the functional activity of Notch1 signaling. To confirm this, western blotting was also used in the present study. The data showed that protein expression of Notch1 pathway components sharply increased after chronic Flu administration. These findings provide further evidence of the validity of the increase in Notch1 signaling after chronic Flu in rats. Additionally, our data implied the up-regulation of Notch1 signaling is time-dependent after administration of Flu. These data provide strong evidence that Flu activates the Notch1 signaling pathway in adult rat hippocampus.
Notch1 signaling promotes adult cell proliferation in the rat hippocampus. 7) Breunig et al. 8) found that Notch1 overexpression in dentate gyrus promotes proliferation, indicating that the expression of activated Notch1 regulates the magnitude of neurogenesis from progenitor cell in adult brain. Some neuropsychiatric diseases demonstrate alterations in Notch1 signaling and neurogenesis simultaneously in adult hippocampus, suggesting that Notch1 signaling could be a target for modulating influences on adult neurogenesis. 10, 11) Notch1 could be a modulator of neurogenic responses in epilepsy, 9) and ablation of Hes1 results in neural stem cell loss.
18) The present finding showed the function of Notch1 signaling was increased in parallel with proliferating cells after chronic Flu. So we postulated that Notch1 might potentially play a role in cell proliferation brought about by Flu. Notch1 signaling also plays an important role in the promotion of newborn cell survival. Deletion of Notch1 genes causes massive loss of neural progenitors. 19 ) Insufficient Notch1 signaling would impair maturation of newborn neurons and die in the first month after birth. 20) The over-expression of NICD promotes the survival of newborn cells, while mice deficient in Hes1 display accelerated apoptosis in the brain. 21, 22) In agreement with these results, the up-regulated function of Notch1 signaling was present after Flu administration to rats accompanied by increased newborn cells survival in the current study. These demonstrate that Notch1 pathway might partly contribute to increased cellular proliferation and survival in adult DG after chronic Flu administration.
More work is needed to confirm that the effect of chronic Flu on hippocampal neurogenesis is regulated by the Notch1 signaling pathway. It is important to determine whether inhibition or activation of the functional activity of the Notch1 pathway would alter neurogenesis brought about by chronic Flu in the adult hippocampus. The present study did not use injection of g-secretase inhibitors to observe of the effects of chemical inhibition of Notch1 signaling because of the high toxicity of Notch1-related side effects in the gut and their potential interference with a host of signaling pathways. 23) Moreover, we could not investigate the role of Notch1 pathway in various phases of neurogenesis in vivo, for NICD is undetectable by conventional immunohistochemistry. Additionally, although BrdU is the preferred technique for labelling newborn cells, we cannot exclude other putative factors responsible for altering the number of BrdU-labelled cells.
CONCLUSION
Our data demonstrate that chronic Flu administration can increase Notch1 signaling in hippocampus, raising the possibility that Notch1 signaling plays a role in the cell proliferation brought about by Flu. These findings may provide new insights into the regulatory mechanisms of neurogenesis induced by Flu.
